SmCo x -Co (xϭ3.5, 4, and 5͒ nanostructured multilayers have been prepared by dc and rf sputtering. Magnetic hardening has been found in the as-deposited thin films. The effects of the Co and hard-phase layer thicknesses and the effect of the Cr underlayer have been studied. Further magnetic hardening has been achieved by heat treating the samples. A remarkable increase of the coercivity has been obtained in the nanocomposite films, with coercive force up to 40 kOe. Transmission electron microscopy, atomic force microscopy, and magnetic force microscopy observations have been performed to understand the nanostructure and the domain structure.
I. INTRODUCTION
Sparked by the discovery of the intergrain exchangecoupling phenomena in the Nd 2 Fe 14 B-Fe 3 B composite, 1 much research has been done on exchange-coupled nanocomposite magnets. [2] [3] [4] The purpose of this research is to combine advantages of the hard phase and the soft phase and therefore reach higher energy products. Theoretical calculations have predicted giant energy products for ideal nanocomposite permanent magnets. 5, 6 However, the ideal nanostructured composites are very difficult to prepare experimentally. Recently, we have reported our results on very high energy products ͑above 50 MGOe͒ achieved in rapidly thermally processed composite thin films. 7 In these films, a nearly ideal nanostructure of the homogeneously distributed hard and soft phases has been obtained. More exploratory work on the exchange-coupled nanocomposite films has been underway since then. In this article, we present our investigation of magnetic hardening in SmCo x -Co multilayers and heat treated nanocomposite films.
II. EXPERIMENT
SmCo x /Co multilayer thin films with Cr underlayer and cover layer were prepared with a multiple-gun dc and rf sputtering system. The SmCo x and Co layers were deposited onto glass or silicon substrates alternatively. The SmCo x targets (xϭ3.5, 4, 4.5, and 5͒ were either commercial products or homemade by a sintering mixture of Co and Sm powders. The fraction of the soft phase Co in the films was estimated from the thickness of the Co layers in the multilayers. Flowing high-purity argon gas was used for sputtering. The pressures were varied from 5 to 30 mTorr. The sputtering parameters in this investigation ͑including the argon pressure, the power rates of sputtering guns, and the targets-to-substrate distance͒ were chosen to produce films with maximum coercivity. The thickness of each film was calculated by measuring the mass gain upon deposition.
The nanocomposite films with random nanostructure were prepared by heat treating the as-deposited films in a furnace with vacuum 5ϫ10 Ϫ7 Torr or in a rapid thermal annealing device. Generally high coercivity has been obtained only after the heat treatment.
Magnetization loops were measured by an alternating gradient force magnetometer ͑AGFM͒ and a superconducting quantum interference device ͑SQUID͒ magnetometer. Nanostructure of the films was observed by a transmission electron microscope ͑TEM͒. X-ray diffraction and electron diffraction x-ray ͑EDX͒ spectroscopy have been used to identify the phase structures of the samples. Magnetic force microscopy ͑MFM͒ and atomic force microscopy ͑AFM͒ were used to observe the domain structures and the surface morphology.
III. RESULTS AND DISCUSSIONS
Bulky Sm-Co materials have been studied extensively in the past decades for their application as permanent magnetic materials. SmCo 5 compound has a very high anisotropy field and, hence, can be used to produce magnets with very high coercivity. We chose the compositions SmCo x of the hard-phase targets with x close to 5 and found that the coercivity of the films was maximized with x close to 3.5.
As found in earlier studies, in the hard-soft phase composite there is a tradeoff between the remanent magnetization and the coercivity. Coercive force always decreases with an increasing amount of the soft phase. To obtain the highest coercivity in the presence of the soft phase, the morphology of the composite films needs to be controlled carefully.
We reported previously in PrCo-Co nanocomposite films that the as-deposited films are amorphous and magneti-cally soft. 8 In the present study the as-deposited SmCo x /Co multilayers exhibit considerable coercivity with in-plane anisotropy, which indicates that the magnetically hard phase has been formed upon sputtering under the preparation condition adopted in this experiment. The crystalline structure of the hard phase is still under investigation. The in-plane anisotropy may be related to the grain orientation in the films which is determined by the growth preference of the atomic planes. As we will see later, the in-plane anisotropy remains after annealing. Figure 1 shows the dependence of coercivity on the Co layer thickness of an as-deposited film. As expected, the coercivity decreases monotonically with increasing Co layer thickness, which indicates that it is important to control the soft layer dimension in order to have high coercivity. Figure 2 shows the dependence of coercivity of two groups of the bilayer samples, one with the Cr underlayer and cover layer and another without the Cr layers, with respect to the thickness of the hard-phase layers. It is surprising that for hard-phase layer thicknesses greater than 20 nm, the coercivity decreases slowly with increasing hard-phase thickness. This phenomenon was observed in all the multilayer samples in this investigation. It may be related to the increase of total thickness. It has been reported previously that the coercivity of thin films generally decreases with increasing total film thickness. 7, 9 This has not yet been fully understood, but a likely explanation is that the number of nucleation centers harmful to coercivity increases with the film thickness.
The interesting point of Fig. 2 is that it suggests the importance of a proper morphology to magnetic hardening in the films. An optimal configuration of the films is necessary in order to achieve maximum coercivity. In view of achieving highest energy products in the exchange-coupled nanocomposite magnets, it is also necessary to keep the dimension of the hard phase small so that more soft phase can be distributed homogeneously in the magnets, leading to higher magnetization. Figure 2 also shows that the Cr underlayer is useful for developing high coercivity. It has been found that the thickness of the Cr underlayers needs to be large enough to obtain high coercivity, as has been discussed in the earlier work from this laboratory. 10 The reason may be that if the Cr underlayer is thick enough, the enhanced roughness of the underlayer surface will lead to the small grain size of the above magnetic layers. In this experiment, the highest coercivity achieved required the thickness of the Cr underlayer to be greater than 60 nm.
Further magnetic hardening is realized by heat treating the films. Figure 3 shows the hysteresis loop measured in a direction parallel to the film plane after being annealed at 500°C in vacuum for 20 min. The annealed samples also show in-plane anisotropy which means that the annealing does not alter the grain orientation of the film. The coercivity was dramatically increased with heat treatment. Nearly 40 kOe coercive force has been obtained even though this is only a minor loop. This coercivity value is comparable to the highest coercivity value reported thus far for single-phase Sm-Co systems.
Similar enhancement of coercivity can be also obtained by treating the samples in rapid thermal processing ͑RTP͒ equipment. This equipment can attain a temperature up to To understand the remarkable increase in magnetic hardening, TEM examination has been performed on the annealed samples. Figure 4 shows the high-resolution image of the annealed sample. One can see from the picture that the average grain size is less than 10 nm. The diffraction pattern in a selected area can be matched to hexagonal Co and the SmCo 3 phase with D0 19 structure. This suggests that the soft phase is Co and the hard phase is SmCo 3 . We noticed that this composition is slightly different from the target composition. The reason needs to be explored further. As found in the as-deposited samples, magnetic hardening is degraded by increasing the soft-phase fraction.
AFM and MFM studies also have been performed as shown in Fig. 5 . From Fig. 5 one can clearly see that the domain size is more than ten times larger than the grain size. In this case, interaction domain should be taken into account. 11 Further investigation of the coercivity mechanism is needed.
IV. SUMMARY
Magnetic hardening has been realized in SmCo x -Co (xϭ3.5 and 4͒ as-deposited multilayers and the annealed nanocomposite films. High coercivity up to 40 kOe has been achieved in the heat treated samples. It has been found that a sufficiently thick Cr underlayer is necessary for the magnetic hardening. Increase of the soft phase in the composites degrades the magnetic hardening. Optimal dimensions for the hard and soft phases are required to reach maximum magnetic hardening. Further study of the magnetic hardening mechanism, the magnetic anisotropy, and the difference of the hardening mechanisms in the as-deposited and the annealed samples, and an effort to achieve a high energy product of the exchange-coupled magnets are still underway. 
